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Suninary

To make best use of Ionospheric reflections for very long range transmission s

of radio waves in the HF part of the spectrum , it is necessary to radiate

vertically polarized waves having substantial field strength In the directions

near the horizon . However, as is well known, the imperfect conductivity of

typ i cal earth tends to reduce drastically the available signa l near the horizon .

The p ossibility of Increasing the radiation at such low angles by the inter—
• .1

action of a horizon tal ground wire system is known and has been discussed but

heretofore there has been very little quantitative information available on

r this subject and no systematic procedures for the design of such ground systems;

in view of the substantial cost of such ground systems , much better information

on their performance Is needed .

The ~~rk described in this inter im report has as its basic purpose the

systematic determination of the effects that horizontal ground wire systems

may have on the low angle radiation , and , eventually, the development of

raøvna l procedures for the design of such ground systems for application in

specific tactica l systems. In the course of this study, it has been demonstrated

that useful results can be obta i ned with the aid of an extensive di g ita l computer

program incorporating the best available theoretical representation (Sommerfeld

integrals) In a “moment method” for the determination of antenna currents and

fields. It has also been shown (by comparison) that useful results may be

obta i ned from a relatively simple digita l computer program that , unfortunately,

must be based on assumed current distrib utions in the ground wires.

The amount of low angle radiation enhancement that is feasible by desIgn

of such ground wire systems depends on earth conductivity and frequency. ft

ranges from just a few per cent at the l ower end of the HF band to 25~ or

more at the high end of the HF band In a region hav i ng poor earth conductivity .

l i i



I. introduction

For antennas operating In the HF range or lower , antenna performance suffers

unless the typical poor earth conductivity found at most sites is enhanced by

a system of conducting wires near or below the surface of the earth. This

ground wire system Is usually essential for impedance (I .e., l owered input

resis tance losses) control , but it mi ght also be he l pful in radiation pattern

control , especiall y to alleviate the well known problem of the null at the

horizon foundwlth vertically polarized antennas. This report deals with only

the latter problem ; It describes i nvesti gations into the extent to which a ground

w ire system may be used to enhance the radiation pattern of some simp le vertically

polarized arrays.

Eva l uation of the effects of a ground screen on or in an actual earth

by standard boundary va l ue solutions of the field equations is impractic al

at the present time . However , over the past 10 to 12 years , a method of

calculation of current distribution , Im pedance , radiation and scattering

patterns of wire like structures has been highly developed . A number of

computer programs , based on the method (tha t has come to be known as the

r method of moments) have been developed to handle wire - like structures of

considerable comp l ex i ty and variety. In the main , the programs trea t the

antennas acting only In f ree  space, or at most , in the vicinit y of a perfect-

ly conducting ground . A group at Lawrence Livermore Laboratories , however ,

modified a rid extended a program 1of th i s type (W?VIP) to cover wire structures

in or near a plane homogeneous ear h hav i ng arbitrary conductivity. They

called the ~~~~~~~~~~~~ WF—LLL2A and descr ibed it in the “Electromagnetic Computer

Code Newsletter ” Volume 2 No. 1 dated April 1 , 1975 and in UCRL S1821 2
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“Fortran Subrountines for the Numerica l Integration of Sommerfeld integrals

Unter Anderem”, by Lager and Lytle , da ted May 21 , 1975. A group at Purdue

• had been pursu i ng a similar development and upon learning of the Live rmore

work decided to try to adopt and adept the WF-LLL2A program for the purpose

of doin g g round screen ca lcu la t ions , al thoug h nei ther the WF—LLL2A program

nor the modifica tions of it had yet been tested or eva l uated for the purpose .

But the basic idea was to restrict potentIal ground screen systems to

w i re  struct u res , and to regard the wires in the ground screen as part of

the antenna in or near the earth. By and large , this meant that the fields

due to the elementa l currents flowin g i n the an ten na w i r es had to be eva l ua ted

wi th the Sommerfeld integrals , or sui table  ap p rox ima t ions  to them . I t tur ned

out that none of the existing codes would converge properly when the wire

elements were close to the earth and to each other. Locating the source of

the difficul ty and correct i ng it I nvolved considerably more time and effort

than had been a n t i c i pa ted.

2. Background of the Wire Antenna Program

The computer programs assume the structure consists of thin wires and

essen t i a l l y solve an elec tr i c f i e l d  in tegra l equa t ion , n u m e r i c a l l y , for the

currents that result with a stated applied electric field (or vol tage). The

program WF—LLL2A employs a three term current expansion function for the cur-

rent in each subsection of wires.

The essence of the method is to replace an integral equation for the

elec tric field by a set of linear equations relating the electric field at

a set of d i scre te poin ts to a set of ~~rrent levels tha t produce the fields

at the set of po~ :~ts. The coefficien ts In the set of linear equations have

the character of impedance coefficients and the matrix relating the electric

f ields and current levels is often called the I mpedance matrix , or sys tem ma tr ix
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or system Impedance matrix. The task here is two fold 1) first compute the

elements of the system impedance matrix , which means ca lcu la te the f i e l d  due

to a uni t amplitude current segment In the appropriate env i ronment at each of

the field points 2) hav i ng obta i ned the Impedance matrix , solve the resulting

set of linea r equations for the currents (I.e., I nvert the matrix).

The diff icu l ty of applyIng this method to the calculation of the effects

of wire ground screens on antenna arrays is two—fold. First , it is difficul t

to calculate the field produced by current elements at nearby points when the

current element is near the surface of an im perfectly conducting earth. Second ,

• with the ground wi re system plus the antenna wires the number of segments

(i.e., the number of equations in the linea r set) in to wh i ch the wire con-

figurations must be broken Is very large. Thus, the basic problem is one of

time and storage space in the digIta l computer.

The WF-LLL2A has available wi thin it four methods for the calculatIon of

the fields in the presence of ground . Two of these are based on plane wave

reflection coefficients to account for the reflected fields. The fields that

would result from a perfectly conducting ground (I.e., an image) are modif ied

accord i ng ~o the actual conductivity and dielectric constant of the ground .

A third method makes use of the well known formulas developed by Norton ;

this method is used when the distances and ground parameters are in the proper

range for the Norton formulas. The fourth method i ncorporated is the

numerica l evaluation of the Somerfeid integrals , and for this there are two

options available , the ilankel function form and the Bessel function form , w i t h

the choice between the two being made on the basis of position and parameter

values. The integrals are eva l uated by performing a contour integration In

the comp lex p lane , numerically, us i ng an ada pt ive Romberg i n tegra t ion . 

~~~~~~~~ - 
_ _
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3. Modif ica t io ns for Ca lcu l a t ion of Effec ts of Grou nd W i r e Systems

i n the ori g i nal program, for poin ts nearb y thin wires located close to the

surface of the earth , the Sommerfeld integral calculations referred to above

are extremely time consuming, if indeed they converge properl y a t a l l .

It was recognized from the outset tha t computer time would be a problem ,

so the program was reorganized in several respects. First , s i n c e  the most

time consuming calculations are nearby “self” and “mutual” i mpedance coefficients ,

the matrix was partitioned so that these time consuming calculations , w h i c h

‘
. . 

it was obs.~rved , actually need to be done only once for a g i ven s i ze w i r e ,

frequency , and g round parame ters set , cou ld be calc u la ted once and for a l l

and fed i n thereaf ter , when successive runs were being made for the purpose

of eva l uation of the effects of different sizes and shapes of ground screens.

Other programm i ng techniques were developed so as to conserve the space

available in memory by having i n the fas t memory on ly  those par ts of the

program needed for the particular calculation be i ng done.

A basic d ifficul ty was encountered , however , in the use of the Sommerfeld

integral portion of the program , when it was discovered that for interesting

w i r e  s i zes , ground parameters and positions , a time of 10L18 second s in the

CDC 6500 computer (one of the “priority ” time limits set by The Purdue Computing

Center) was insuffic ient to calculate the self impedance coefficients for even

a very simple single wire structure . Moreover , the indications were tha t

even a significantly larger amount of time would also be insufficient , It

appeared then that some of our mod i ficiat ions to the calculation would be

essential and a step-by-step replacement and checking of various parts of the

existing Sommerfeld Integ ratio n packages was undertaken. Suffice it to say,

that althoug h most of the modifica tions decreased the time necessary for the

calculation , they did not decrease it enoug h to be reall y useful and even so,
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some were giving up accuracy in the calculation . A very considerable amount

of time was spent in tracking down the rea l source of the difficulty, and i n

trying to determine the accuracy of the modified systems.

To expla in the difficulty i nvolved in carrying out the numerica l

Integration , consider the expression for the radial component of the electric

field in the medium above the ground due to a horizonta l electric dipole

moment p øriented along the x—axis with notation as in the WF—LLL2A program :

~~ 
Eli co

.[

J
~~~

0

__

{

(..~~. + k
~
)(G22 - G21 )} 

~~

GF1ELDS GEVALA

[-jwpp I ~2 2 2
+ ~~ I 2

° j —
~~
. (k

2 
V 22 ) + k2 U22 ~

. ( (i)

Lk~2 $~ 
3o .Ij

S FIELDS EVALUA2,EVALUA3

where

Jk 2 ( 2 
+ (h— z ) 2)~

( 2 
+ (h— z ) 2)~ 

(2)

-jk2 (
~2 + (h+z)2)+

• 
(p2 + (h+z)~ )~

‘
~2 

(h+z)
e (2)“22 2 2 — H (A p ) A  dA (4)

k1 Y2 + k
2

Y
1 

0

/ ~
,

_ _ _ _ _ _ _ _  A
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= e 
H~
2)(x p)x dA (5)

~~~~ ~l~~~”2

-

• 

and k
1 

= [w2p c e
1 

- j w j~~ 1 ]~ , k
2 
= wip c

0 
are , respectively, the complex

propagation constants for medium i (ground) and 2 (air); and = [~ 2 -

2 2~~ . . jwt= [A — k2] . [To avoid possible confusion , we have assumed e type of

time dependence. This change dictates the use of the Hankel function of the

second kind and a different choice in branch cuts. All other notations are

the same as those of Lager and Lytle. ]

To eva l uate the elements of the impedance matrix , the tangential component

of the electric field at the surface of the wire is integrated with respect

to the dipole moments situated along the center of the wire. For example ,

consider the self Impedance of a segment of wire of radius a and length 1.

The field at x=O, y=a , z=h , is integrated along a path described by the

cond it io ns -
~~~ < x < ~~

-, y=O , z=h, as indica ted in Fig. 1 .

First , focus attention to the first part of the expression (GFIELDS and

GEVALA) . When the wire is several radii above ground , h>> a , G21 is a rela-

t vely smooth function of x while G22 has a peak at x=O with a peak value of

the order of a 1
. When the wire is close to the ground , h-a , both G21 and

C22 have peaks at x~O, and 
-

~~
--

~
. (G22 

— C ) has a sharp peak with a peak va l ue
dp 21

of the order of a 5. In the ori g ina l WF—LLL2A program , the integration is

performed via an adaptive Romberg method . Due to the sharp peak , the integ ra-

tion is extreme l y time consuming for thin wires close to ground . Actually,

the sharp peak may be smoothed by partial inte gration. We replaced this

portion of program (GFIELDS and (~EiA L~k) by two closed form expressions and an

integration of inteqrand with a moderate peak.

_   -- , - -- --
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FIG. 1 GEOMETRY OF WIRE ELEMENT
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Now consider the second part of equation (1) (SFIELDS and EVALUA2 (or

EVALUA3)). Double integrals are I nvo l ved in calculating the parts of this

contribution to the Impedance matrIx , and the evaluation of V 22 and U22
(equations(4) and (5)) is particularly time consuming . For l h+z J � A~ , the

exponential functions in (4) and (5) decay rapidly and thus V22 and U22 mai

be eval uated routinely. However, when l h+z I << X I ,  the integrand s of (14) and

(5) behave like Ix i~ e
’
~~

1
~~~ for Ap i >> 1 . Thus , the integrand s decay

extremely slowly and the integration has to be carried out at least to X I  >>

-lp . In addi tion , the contour has to be deformed in the complex A-plane so

as to avoid the poles and branch cuts. The Hanke l function H~
2)(Ap) wi th

complex argument ~p is extremely difficult to eva l uate particularly for the

case p << 1. Since our concern is mainly for the reg ion where p << I , h+z << I ,

which means that the time retardation is negli g ibly small , we replace (4) and

(5) by their quasi-static approximations , i.e., y 1 
- A , 

~2 
- A.  Wi th such

approx i mations , (4) and (5) may be evaluated in closed forms . Our calculation

shows tha t in the reg ion of interest , these closed—form expressions are very

accurate. In our version of SFIELDS , the quasi—static approximation is used

for p < 5a.

In these ways we reduce the time required for self and nearby mutua l

impedance terms to manageable proportions and have thus arrived at our “best

method to date”. We w ill refe r to this modified prog ram as WF-LLL2AP .

4. AlternatIve Method of Calculation

An approx i mate but very fast method of evaluating the effec t of g round

wires on the radiation patterns of vertical antennas over actua l grounds may be

based on the reciproc i ty ~~~~~~~ Fi g. 2 shows an antenna array on an imperfect

earth. The current distribution in the array is defined to be J and is assumed

known (in n~ost cases a simple sinusoidal distribution along the wires is a
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a a a VERT
I I I  J

/ HGW
‘

I ___ _ _ _ _ _ _
(~~~~

_

~~~~~~~~~~~~ 

IMPERFECT EARTH

FIGS 2 RADIATION AT LOW ANGLES INCIDENT ON

ANTENNA ARRAY OVER IMPERFECT GROUND
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sufficiently good approx imation) . The open circuit voltage at this i nput of the

array can be fou nd from the In tegra l

v (e ,+) I j . E dvoc ar ray

assum i ng a unit current at the input on transmitting. In this expression

E i s the elec tr ic  f i e l d  of a p lan e wave a r r i v i n g  a t an g le (e ,,~) in the presence

of the imperfect earth (and of course eva l uated at the positions of the

currents in the elements of the array) , but in the absence of the array.

v0, (e ,~) Is then the receiving voltage pattern of the array over an imperfect

ground and by reciproc i ty, it is also the transmitting pa ttern. Therefore , we

• might as well wr i te the result in terms of the distant E field 3*

E(6,~ ) = J E inc ~~ 
dv

- • where is  the current distribution (as a transmitter) on the antenna system

when it is transmitt ing . The advantage of this formulation is tha t except for

grazing angles , the f i e l d  E inc may be de te r m i n ed wi th p l a n e wave re f l ect i on

coefficients (for grazing angles the Sommerfeld solu t io ns or equi va le nt should

be used).

Moreover , if the ground system consists of a set of ground wires , i t  is

both consistent and practica l to regard the currents in the ground wires as

a part of the transmitting antenna current distribution , tha t is

= ‘~vert 
+ 

~HGW

where the two terms are, respectively, the current density In the vertica l

elements and 
~~HGW~ 

the current density in the hor izo ntal  g round w ir e. Then

the radiated f ie ld  i s

E(O ,d~) = . J dv + I E • .J dv
j I nc vert j Inc HGW

*
(Weeks , ¶4~ L ., Antenna Eng i neering , pg. 24 equation 23)
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It is to be expected that avert 
w i l l  not change significantly in distribution

whether there is a ground wire system or not , so with uni t current at the input

i n both cases:

E(O,+)] = I E . J dvno ground screen ) inc vert

Thus , i t is possible to define an enhancement of the radiated f i e l d  due

to the presence of the ground wire system as

E(6,~) - 

‘
~HGW dv

t(e ,J1  . — l + J E • J dv
no ground screen inc vert

For example , i f the ground is perfec t and the ground system wires l i e on

the perfec t ground , then E l ~HGW = 0 and no enhancement is possible. in

this case

— 
E(O,$)= I E  .J dv

i inc vert

4 is the pattern of the transmitting antenna array over a perfect ground .

If  we specif y that the elements are along the vert i ca l direction z and

the plane wave Is incident at angle 0 in the x-z plane with H perpend icular to

- . the plane of incIdence , the E in c field has a form as follows (in the air above 
-

the ground)

~~ 
x J~~ z HI• E . = H e X [e + p (0) e Iz,inc w C

0 
0

—
~~~ j~~x J~~~Z 1 —J~~ z

E
~ 

= 
~ :~ 

H
0 
e x (e z 

— ~H (e) e Z ]

where = ~0
shui 0 and = ~0

cose and ~0
=u/ c~ ;p Hl (o) = 

ref wi th wave incident
I nc

at angle 0. In the ground (earth)

___ 
H 

‘
~ Z + Y  X

E
~ 

~~~ 
~ + p 

1
(0))e ze xc

where z is the depth to be inserted as a negative number , and 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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E
~ 

El + p
Hl (0)]e ~ze

Z + YxeX

y = J 8  — J ~~ s in 0xc x 0

f~ 2 2 / 2
y “—w ~ 

- B v - p  £ + sin 0ze c c  xc 0 re re

J o  /2
C = C~ 

- so tha t 
~
‘ze ~

‘e ~~

If the ground wire is at or very near the surface, z=0, only the component Ex

is sig nificant to the ground wire calculation and the coord i nate va l ue z is

essentially zero.

V A l l  of the complex quantities in the expression above are easily determin—

• ed w i th the a id  of a digita l computer. Only the quantity 
~HGW is troublesome

-
. 

to obtain. Again , however , i t is to be ex pected tha t on a ground wi r e  of

length  L , the current on the wire would have the form

I HGW (L) = A e
1 

+ Be~~w’~

where i s a propaga ti on constant of the f i e l d s  or curre nt alon g the wi r e  in

L the env i ronment (i.e., near or In the earth and perhaps insulated) . The

-
- va l ue of y is difficult to determ i ne exactly analytically. Consequently,

the enhancement was exam i ned for different values of 
~~ 

For a t h i n w i r e

exactly on the surface , one result (due to Coleman4) is

r 1

.~o /CG Joy j  + 1  (6)
V’S W £0

where is the rea l part of the earth permittivity, o is the earth conduc-

tivity and B0 is the free space propagation constant.

Generally speakinq ,for insulated wires , the attenuation will be less

than the Coleman result and the phase constant will be more like tha t in free

space. The net result is that the enhancement with such insulated wires is

greater.

- •.~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~:- - -~~~~~~~ - - -~~- •--~~- -~~
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The quanti ties A and B In the expression i HGw (L) are determined

primarily by the terminations. However if the attenuation is large , only

one of the constants is important (B,for wires extend i ng toward positive x).

In relating the current in the horizonta l ground wires to the current at

* - the i nput (or reference point) of the vertical antenna , a difficu lt , ticklish ,

but very practica l consideration arises. For the field enhancement due to the

ground wires certainly depends on the relative l evel of the currents in the

- 
ground wires; yet the leve l relative to the current In the verticals depends

-
~~ 

S

• on the minute details of the method of attachment of the transmitting structure

to the ground and to the ground wires at the point of feed . The si gnificance

of this is suggested by the sequence of sketches in Fi g. 3. Sketch a suggests

a limiting situation in which no current at all would flow in the ground

• wire . The transmitter In a is connec ted both to a perfect ground and to

a sli ghtly elevated ground wire , in this case, essentially all of the current

wou ld flow Into the perfect ground . On the other hand , another extreme Is

Ind i cated In sketch b in which there is no direct connection to the ground .

Although t mi ght seem at first sight that all of the current would flow

into the sli ghtly elevated ground wire, this would not in fact happen for

• there would be some hard to define capacitive susceptance to ground which

would make the ground wire current somewhat less than the vertical input

• current , as suggested in sketch c. Sketch d shows something more like an

actua l situation with a ground connection to the imperfect earth as well as

- to the hor i zontal ground wires . In this case, the impedance to earth will

be significant , compl ex, and sensitive to detail ; and the i nput current at

the vertical will thus d’ dc in some (hard to determ i ne) fashion between

the horizontal ground wires and the grounding connection . From the point

of view of trying to maximize the enhancement of fields by the ground wires,
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it is necessary that the ground wires have all of the current . This Implies

the hi ghest possible ground i ng impedance . Yet other considerations (safety

and li ghtnIng for example) requ i re that the impedance to ground be small.

This suggests that a techn i que for ground lnc which has a hIgh impedance at

-

- HF but a low impedance at lower frequencies should be a worthwhile step to

take in a system design in which the ground w i res  are be in g ca l l ed  upon to

enhance the radiation pattern.

Another practica l consideration tha t influences the enhancement possible

by a ground wire system of a given size is the manner of term i nation of the

wires (really, the term i nating impedance of the ground wire s at the end s

remote from the transmitter) . This term i nation Impedance may be low ( i f

• connected to a low impedance ground electrode) or high (If the ends are

capped with Insulating material) or even “matched” , if enough is known about

the env i ronment of the ground wires. Depend i ng on the actual term i nating

Impedance, of course the “input Impedance” to the ground wire system viewed

from the transmitter Is different , and therefore a different relative l evel

* of current actually flows into the ground wires. In the case of earth having

low conductivities , certain lengths would exhibit resonance type effects

which would make the effective input i mpedance to the ground wires quite

• hi gh (for example, half—wavelength wire s left open ended , or quarter wavel ength

wires having low impedance terminations)

A il of these effects make It difficult to determ i ne what the levels of

current in the ground wires are relative to those in the vertical wires.

Thus, except for displaying the sens itivity of the low angle radiation

enhancement to such effects, for the most part in the approximate calculation ,

we will assume a traveling wave distribution on the ground wire , with equa l

current levels flowing Into the verticals and to the horizontal ground wire system .
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The output of the computer program WF—LLL2AP can g ive guidance as to

which  assum p t ions or condi t ions  are l i k e l y  to be the be tter.

5. Results of the Ca l c u l a t io ns

The overall effects that radiating ground wires have on vertica l radiation

is sug gested by the radiation patterns displayed in Figs. 4 and 5. These

patterns were actually obtained by the approximate method described above , but

Figs. 6 and 7 show similar results obtained by the modified WF—LLL2AP prog ram

and the results are then expected to be typ ical. The patterns show Ee(0)

• in the forward direction of the vertica l plane . in each case , the l ower

graph shows the pattern of the vertica l array with no ground wires at all.

The figures display the tendency of the field to have a null on the hor i zon

(690 0) a~ expected ; Fig. 4 gives the result for earth conductivity 10

m ill imhos/m , Fig. 5 gives those for 1 mil limho/m. The upper curves in each

case give the pattern with a ground wire system consisting of four horizonta l

ground wires at the surface of the earth In the forward direction only,

extending to a length of 6 m (at 10 MHz). (The specific results depend on

the ground wire length , and as will be seen be l ow; longer ground wires do

not necessarily provide more low angle field enhancement). Both of the

fi gures show that ground wires enhance the radiation at all angles , assum i ng

that the current in the ground wires near the input Is equa l to that in the

vertica l wires , and that the current distribution in the ground wires is

that of a pure tr~vel ing wave at a propagation constant as calculated by

Coleman ’s formula. It Is also seen that the enhancement is greater with the

l ower earth conductivity, as mi ght f~• expected .

The radiation patterns are all chang ing so rap idly at low ang les (0

near 90°) that the positive effects of the ground wi res , If any , are hard to
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judge from the patterns. For this reason , the balance of data presented does

not g ive the whole radiation pattern but only the enhancement ratio (field

magnitude with ground wires/field magnitude with no ground wires) for some

par ticular low angle. For other low ang les , the enhancement is not greatly

-
~~~~ different although it tends to be sli ghtly smaller for the lower ang les.

The next Fi gure , 8, shows enhancement da ta at 1 0 MHz , 075°, for

three different earth conductivities , as a function of the length of the

hor i zontal ground wIres (sameassumptions as above). These data show that

for conductivity of 10 mi ilimhos/m , the enhancemen t is about as h i gh as it

ever will be when the ground wires are 4 to 5 meters long, at which time , the

maxim um enhancement possible would be at l0~ . And in fact , the field

enhancement goes down sli ghtly for lengths twice as long as the l engths that

give the maximum effect . If the conductivity Is 5 m ili imhos/ m , an enhancement

of about l5~ is possible for ground wires of length about 6 m and with l onger

wires , the possible enhancement Is less , falling to about l0~ at a len gt h of

about 15 meters. For the still lower conductivity, namely I mi l l imho/m ,

more enhancement is possible , abou t 20~ wi th a l eng th of 6 meter s. However ,

in the data for 1 mi llimh o /m , a cyc l i c var i at io n of enhancement level w ith

• ieng th is apparent and with a length of about 17 meters , the ground wires

actuall y decrease the Tow angle radiation by perhaps 7 or 8 percent.

The next FI gure , 9, gives the corresponding data for a l ower frequenc’~- ,

• namely3PlHz , with the same three values of earth conductivity . These data

show tha t a) at the lower frequency, the possible enhancement is less ,

be i ng perhaps 3~ for 1 0 m lllim b o/ni earth , 69~ for 5 m ill im ho/m earth and

perhaps l8~ for 1 mi l limho/ m earth , b) the ground screen length to accomplish

the maximum ehancement is l onger , in the vicinity of 19 to 20 meters with the

lowestva l ue of earth conductiv ity.
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The next Fi gure , 10, gives the correspond i ng result for 30 MHz , and

of course shows both h igher possible enhancements and more drastic variations

in the enhancement with l ength. Again , the variation in the enhancement with

* length is less with the higher conductivity va l ues. And the data shows tha t

enhancements of about 9 to l9~ are possible with conductivity 10 2 mhos/meter.

The foregoing data were obta i ned on the assumption and on i mposition of

a traveling wave distribution of current on the ground wires , largely having

• a propagation constant equa l to Colema n ’s approximation p. 10 , eqn. 6.

Coleman ’s approximation is valid only for the wires essentiall y lying in the

‘C interface. If the wires have significant insulation around them or if they

are somewhat above the i nterface , the propagat !on constant changes si gnificantly.

To document the effect of such differences in propagation constant , the calcula-

tions of the type given in Fig. 10 (30 MHz) were repeated with different (Fig. 11 )

assumed values for the propagation constant of the traveling wave on the

ground wire. A numbe r of different propagation constants were assumed , to

show the effect of both a change in the rea l part (attenuation ) and the

ima g inary part (phase constant) of the propagation constant. Of course , with

the hi gher attenuation constants , the enhancement tends to reach a maximum

at some length and to leve l off thereafter. For the phase constants smaller

than that of the Coleman formula , the length tha t shows the maximum enhancement

tends to be l onger and If the attenuati on is small , the enhancement levels

larger.

Th i s de pendence of the resu l ts on the actual  w i r e p ro paga t ion constan ts

is important from a practical viewpoint since the positioning and insulation

4 thickness of the ground w i res is , at least to some extent , under the control

of the system designer.

j
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-
- Of course , when the WF—LLL2AP program Is used in the calcula tion , no

assumption regarding propagation constant or current distribution on the wires

Is necessary. The program output gives the current values at the center of

each segment length used in the ca l culation . From these data it is possible
-

• to obtain an approximation for the propagation constant on the ground wires .

Thiswasdone , at a frequency of 1 0 MHz for two va l ues of conductivity

(io~ and 10 2 
mhos/m) wi th awire of3.77mm radius located 2.1 radii above the inter-

• face. in this way it was found that the Coleman result gives a propagation

constant that is reasonably close to the apparent propagation constant as

inferred from the calculated current distribution .

• ‘ Another important variable , to some extent under the control of the

-
‘ desi gner , is the type of termination at the end(s) of the ground wire . The

easiest alternative in practice is of course to leave the far end open

circu i ted . But for low conductivity earth and relatively short ground wires ,

this may not be a des i rable alternative . The reason is tha t the ground wire

system may tend to exhibit resonant— i mpedance conditions for certain lengths.

The system effects of such conditions Is suggested by the data i n Fi g . 12 ;

which were obta i ned by running the computer program , modified WF—LLL2AP .

Fi gure 13 shows similar type effects when the approximate calculation was

carried Out Ofl the assumption of an open circuit term i nation on the ground

wire . The effect shows up In a striking way because of the internally

imposed condition that the total current at the inpu t of the ground wires Is

equal to the total current at the base of the vertica l antennas. The main

thing this data shows is that therø can be resonant effects on the ground

wires under the conditions (iow earth conductivity) in which the ground wires

are the most I mportant. The inpu t impedance indicated in the WF—LLL2AP p rogra m

also vari es wildly as a function of ground wire length.

_ _ _
_ 

~~~~~~~~~~~~~~~—-~~~~- - - - - •~~~~~~~~~~~~~
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Shor t c Ircuiting (low I uiapednnce) term i nations on tht~ yround wIres c~n

g ive similar effects , a l though In practice , such low im pedance terminat ions

would be difficult to achieve In practice if the earth conductiv ity is small.

Conclusions

After some months of effort , we have concluded tha t it is possible to

employ a method of moments program i ncorporating a Sommerfeld type of dipole

field solution to evaluate the effects of wire ground systems in the HF band.

However , with a computer of the type available at Purdue University (CDC 6500)

i t i s so far only marg inally so. It is marginal 1) because the evaluation of

k 
-, the “self—impedance ” and nearby “mutual i mpedance” type terms requ i res so

much t ime and , 2) because of the limita tions on the system size imposed by

the difficulties and the time requ i red to i nvert the associated large order

system impedance matrix.

By a comparison of the results of the digita l computer output with the

approximate calculation , we conclud e that the assump t ion of a transmission

l ine like current distribution hav i ng a propagation constant calculated in

standard fashion (such as Coleman result) can be employed to give useful

i nformation on the radiation effects of wire ground systems .

I n general , the ground wires may enhance the radiation at all forward

and upward angles. However, the amount (and even whether the field is increased

or decreased) of the enhancement depends on the ground wire length and propagation

constant. For low conductivity earth , resonance effects occur wi th certa i n leng ths.

For low conductivi ty earth , enhancements of about 2O~ appear to be

possi b le , but the results are length and frequency sensitive .

Wir e lengths that are long enough or properly term i nated so as to give a

traveling wave distribution on the ground wires have potential bandwidth

advan tages.
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From a systems point of view , the fac t that the des i gner has some control

• over the ground wire propagation constant (through Insulation thickness) and

over the detailed type of ground i ng connections may be of vi tal importance to

the enhancement of low ang le radiation .

On the negative or dIscouraging side , it must be noted tha t in no case

studied so far can the field enhancement be said to really alter the basic “null

at the horizon”effect; for even an inc rease by a factor of two, wh i c h  m i gh t be

possible , still leaves the field near the hor i zon at qu i te a small va l ue . Moreover ,

the patterns show an increase of field strength in the whole forward quadrant

and it is not yet clear that the power represented by these field increases

comes from power that mi ght otherwise have been dissi pated in the earth or

whether the additiona l power would have to be suppl i ed by the transmitter.

_ 
_  J
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METRIC SYSTEM

RASE UNITS:

Quai~ 
Unit S! Syp~bol F Or1!~ t!$ .

length metre m

mass kilogram kg

time second a

electric current ampere A

thermodynamic temperature kelvin l(

amount of substance mole mol

luminous intensity candela cd

• SUPPLEMENTARY UNITS:
plane angle radian rad -

solid angle steradiari sr

DERIVED UNITS:
Acce leration metre per second squared mis

activity (of a radioactive source) disintegration per second (disinto$ratiOfl)!5

angular acceleration radian per second squ ared - - tad/s

angular velocity radian per second - rad/s

area square metre m

densit~ 
ki logram per cubic metre kglm

electric capacitance farad I. A.s/V

electrical conductance siemens S AN

electric field strength volt per metre V/m

electric inductance henry H V.a/ A

electric potential difference volt V W/A

electric resistance ohm 
V/A

electromotive force vo lt V W/A

energy jou le I N.m

entropy joule per kelvin - - -  )I1(

force newton N k$4T%I 5

frequency hertz Hz (cyc leYs

illuminance lux lx Ins/rn

luminance candela per square metre - cdim

luminous flux lumen tin cd.sr

magnetic field strength ampere per metre A/lU

magnetic flux weber Wb V.a

magnetic flux density tes la I Wbim

magnetomotive force ampere A -

power watt W Ps

pressure pasca l Pa N/rn

quantity of ales tr i r aty coulomb C A~s

uuantaty of heat joule I N.m

radiant intenSity watt per stera dien WIsr

specifir heat jou le per kilogram.kelv iis i/ kg.K

stress pasca l Pa N/rn

t hermal conductivity watt p- -r metre-kelvin 
W/m.I(

se locit~, 
metre per sec ond 

mis

%a5(Oslty dynenhli- pascal-second 
P5.5

viscoSity. kinem,d,c square metre per ste c,nd mis

voltage volt V W/A

volume cubic metre m

w av enumber reciprocal metr e 
(w ave) lm

work joule I N.m

SI PR~~IXES:

Multap le anon Facturs PrpfIx SI Symla(

I 000 00(1 0(11) 00(1 - ID ’ ’  lets T

I 00(1000 00(1 - ltY’ gigs (;

1 000 000 1 (t~ 
megs M

1 000 — ID ’ kilo k

100 101 hecto’ h

10 10’ deLi da

0 1  1 0 ’  
deci d

001  1 0 ’  
a,ntt~ 

c.

1) 001 - I l l — ’  mllli us

(( II) 001 10 micro
0 I$t t (  1)00 11(11 II) fl 5fl O

0 (lOll DOlt BOlt (101 II’ ‘‘

I) (1(10 11(11) oot~ 000 001 11) 
h,mto

(11)111) ‘1(10 (1(10 (XII) (0)1) 11(11 ( ( I  si t u a

I’ re avoided ~shere possible 
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